The described approach allows the determination of homopolymer characteristics from complex electrospray mass spectra of multicharged ions in the range of 5000 to 20000. It makes mass spectrometric characterizations possible where compounds are fragmented under MALDI conditions. The determination is accomplished by simulation of the observed complex mass spectra with an Excel based computer program (PolyCalc). The parameters molecular weight (M), reduced sum of end groups (EG), mean molecular weights and polydispersity (Mn, Mw, PDI) are obtained by recursive iteration.
Introduction
The standard mass spectrometric method for the investigation of polymers is the matrix assisted laser-desorption-ionization (MALDI). It is well established and gives good results up to 50 000 but requires an appropriate matrix preparation to achieve a decomposition [1] [2] [3] [4] [5] [6] [7] 13 ] free evaporation and ionization of the matrix embedded neutral species. Increasing molecular weights need more laser intensity which triggers decompositions in turn producing lower molecular weights [8] [9] [10] . Sample preparation and instrumental parameters also influence the results [11, 12] . The determination of the mass of the terminating groups is an even more demanding problem. Especially with living polymers the sensitivity of the end groups towards thermal and/or photolytic fragmentation is often very pronounced. Electrospray mass spectrometry (ES) is a much softer ionization/sample introduction procedure and should give better results. In the low mass range this method has been very successful in the elucidation of polymerization processes and the detection of labile intermediates [9, [13] [14] [15] .
When the mean molecular weight M n of a polymer rises above 5 000 -10 000 the ES spectra are very complex and difficult to interpret. This is due to the peculiarity of ES to favour multiply charged species -provided that the backbone of the polymer can form complex ions like H + , Na + , Ag + or Cu + . As a rule of thumb there will be one charge per 1000-3000 Da. As a result, multiple series of non resolved multicharged peaks overlap in the m/z range from 1000-3000 producing a heap of ions which looks at the first glance chaotic. With a closer look, characteristic patterns are discernible. These are reproducible and information about the monomer mass, the (reduced) end group mass and the polymer distribution can be deduced from this pattern.
There are only very few publications concerning the analysis of multicharged ions series from polymers measured on low resolution mass spectrometers. Prebyl and Cook published an interesting approach based on Fourier transformation [16] . Most authors concentrate on the determination of monomer mass and end groups preferentially using high mass resolution systems to identify the multicharged ion clusters. Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) [17] [18] [19] is the superior tool when high resolution is needed to elucidate the charge multiplicity and elemental compositions of the peaks. The approach which is now introduced uses low to medium resolving mass spectrometers.
Results and Discussions

General Considerations
The number average M n , the weight average M w and the polydispersity PDI are calculated as,
Where n i , M i are the intensity and the mass of oligomer number i. The distribution PDI is the quotient of the weight and the number averaged molecular weight.
The ES mass spectrum of the polymethylmethacrylate PMMA10000 sample (Fig. 1) shows many signals in the range from m/z 1000 to over 2600. There is obviously some regularity in this heap of ions. The prominent peak series with a distance of 100.2 Da look at the first glance as it represents singly charged oligomers cationized by sodium. But this is not the case. These peaks are multiply charged as can be deduced from the missing 13 C isotope peaks and from their peakwidth. The resolution of the quadruple analyzer is by far not sufficient to resolve this peak groups. Despite its complexity this pattern is very reproducible over a range of experimental conditions and between different mass spectrometers. When a copy of the spectrum is shifted by 100.1 m/z and aligned with the original diagram the self similarity is obvious (Fig. 2) . Except small intensity variations these spectral regions are nearly identical. Moreover there are "nodes" in the spectrum, in this case they are situated near but not exact at m/z 1525.1, 1625.3, 1725.2 etc. From this node points similar patterns emerge to both sides (Fig. 2 ).
This behaviour can be understood from the formula for the calculation of mass spectral peaks. MZ is an observed peak in a spectrum, the degree of polymerization DP represents the number of monomers within a specific member of the polymer series. EG is the reduced end group mass. This EG mass is the smallest positive residue of the repeated subtraction of M from the sum of both terminating groups.
Cat represents the mass of the cation and n is the number of cations which equals the multiplicity of charges. 
The formula for the calculation of the "nodes" is related to (3) but with the EG/n term set to zero. The "nodes" are found at points, where m, the ratio DP/n, is an integer number. If the quotient DP/n is not integer it is possible to relate the resulting peaks to the nearest node. In this equation (5) x is the difference of DPs to the DPs of the node.
The first two summands represent the m/z of the node m. With different x values and charge states the entire polymer is projected into each period. This is shown in figure  3 where the origins of the observed peaks between node 16 (m/z 1624.88) and 17 (m/z 1724.95) are correlated with their non charged oligomer precursors. In the spectrum some peaks are melted together due to an insufficient resolution. This representation of the entire polymer within a small m/z region gives the chance to elucidate the parameters of the entire polymer from only the centre part of the spectrum where the signal to noise ratio is good. The idea is, to calculate a polymer distribution, generate ion series and compare this artificial spectrum with the measured signal. By variation of the parameters it should be possible to simulate the reality. For this purpose we developed a visual basic for applications (VBA) program within a Microsoft Excel 2003 worksheet. We call it PolyCalc.
Description of a typical polymer measurement
Step 0: The spectrum is measured as described in the experimental part, smoothed and baseline subtracted.
Step 1: The sample spectrum is imported from the data file by means of the clipboard function or by ascii-file import. It is converted to a list with 1/10 mass precision and normalized to the most intense peak.
Step 2: A "skyline" of the spectrum with 5 to 15 points is defined which represents the envelope of the peaks (Fig. 4) . Step 3: An exponential distribution of mass/intensity pairs are calculated with the parameters monomer mass (M), reduced end group mass (EG), cation mass (Cat) and the parameter for the width (Sig). Because the mass spectrometric resolution is insufficient to resolve isotope clusters it is necessary to use the average masses. 
How to find or guess initial parameters will be discussed later. . Peak width at half height (FWHM) of peaks at m/z 1000 of multicharged peaks generated from neutrals with increasing molecular weight. Calculation was done with the formula of polyethylenglycol but applies for all standard polymers.
Step 4: A mass spectrum is generated in the m/z range of the measured sample. The masses are stored with a precision of 1/10 m/z. If there is more than one peak in this 0.1 m/z range their intensities are added.
Step 5: The peaks initially calculated as single line mass/intensity pairs are converted to peaks with a "natural" peak width. The multicharged peaks have quite similar peak width. The width is decreasing with the molecular weight of the neutral compound and approaches a constant the value asymptotically. In Figure 5 the full width at half height (FWHM) of multicharged compounds at m/z 1000 is shown. The program PolyCalc shapes the peaks accordingly.
Step 6: The skyline of the peak intensities is shaped to the same envelope as derived from the sample spectrum (step 2) and normalized to the most intense peak.
Step 7: To quantify the difference between measurement and simulation (Diff) the absolute error is calculated. To obtain a relative measure this value can be normalized with the sum of all intensities. Alternatively it is possible to regard the sum of the squared errors. Now the parameters M, EG and Sig can be varied until Diff reaches a minimum. This can be done by manually selecting parameters or, in a more convenient way, automatically. Because all parameters influence the entire spectrum it is necessary to approach the optimum fit in several recursions, using the recently found parameter values as new starting points.
To demonstrate the approach the PMMA10000 example ( Fig. 1) will be used. If the monomer mass (M) is not known it can be determined by two different approaches: the first uses the self similarity of the spectrum and works without knowledge of EG and cation mass Cat. For this approach there is an autocorrelation routine implemented in PolyCalc where the spectrum is aligned with itself. The shift with the maximum similarity equals the mass of the repeating unit. In Figure 6 the error (Diff) versus m/z is displayed. With the PMMA example the minimum error (=maximum self similarity) is found with a shift of 100.1 Da. To further improve the precision of M this autocorrelation result can be used as a starting value in a simulation cycle. Especially when the end group is already determined the result for M is surprisingly near the theoretical value (Fig. 7) . In this case 100.1180 Da is found which is very close to the calculated 100.1176 Da for The cation mass (Cat) is usually known from the preparation of the sample. In our example sodium tetrafluoroborate is added so Cat equals 22.9893 Da. If the cation mass is unknown, then it can be determined by a separate simulation cycle. When highly charged molecules are calculated be sure to use the ion mass of Cat instead of the neutral mass. Assuming a 20 fold charge the electron masses sums up to 10 mD. When the determination uses the neutral masses this error will be noticeable influence the accuracy of M.
The mass spectrometric determination of the sum of the end groups EG gives its smallest possible mass (reduced end group mass). There remain an uncertainty because the true mass of the end group can be n*M + EG. The value of EG is always between 0 and M.
If the EG value is unknown a coarse survey can be achieved where the complete possible mass range of EG is scanned in 10 steps (Fig. 8) . In our case EG is set to values from -10 to 80 with 10 Da difference. For each EG steps 3 to 7 of the simulation procedure are executed. A minimum Diff is found near 0 Da. This finding is taken as a new start value and varied in small steps of 0.5 Da and subsequently by 0.02 Da (Fig. 8) . The minimum error is found for EG = 2. The calculation of EG is very sensitive to the monomer mass M, which should be determined first and as precise as possible. The determination of the mean molecular weights M n and M w proceed in a similar manner. Automatic variation of the centre of the calculated polymer distribution in steps of 2 DP with a presumed Sig of 1000 resulted in a clear optimum value at 9536 Da (Fig. 9) . Because cross sections of the whole polymer are found in all parts of the spectrum pattern (as discussed above), It is not surprising that the same calculation using only a small window from m/z 1600 to 1750 gives a similar result (Fig. 9 ). Since this comparison is based on less data points it is statistically less confidential. In the first order this approach is not dependent on the m/z range on which the calculation is based.
The auto steps starting from 1/50 Mn. For each Sig the steps 3 to 7 of the optimization cycle are executed and the optimum Sig determined (Fig. 10) . The optimum value was found for Sig = 954.
After all parameters r spectrum are very similar (Fig. 11) . The number averaged molecular weight can be calculated as M n = 9514 Da, the weight averaged Mw = 9705 Da. From this numbers the polydispersity can be calculated as PDI = M w /M n = 1.02. There are numerous parameters which may influence the result of such a polymer characterization. The sample preparation, the mass spectrometric measurement and the simulation procedure will must be critically observed.
nfluence of the sample preparation I
To check the stability of the appro salt/polymer ratio, both are varied. We found a surprisingly low influence of both parameters as is shown in 
Influence of t one vol e:
This voltage accelerates the i the mass spectrometer is strongly influenced by this parameter. Higher voltages enhance the higher m/z ions. If the voltage is very high then the ions are so fast that collisions with neutral molecules may induce fragmentations [22] .
The influence of this parameter on the M n , M w and PDI determina for a range of cone voltages is investigated (Tab. 2). The variation is small and there is no trend detectable. The surprisingly low influence is due to the fact, that the polymer distribution is multiply represented in a relatively small m/z window.
Therefore discriminations due to m/z dependent ion transfer to and through the mass analyzer are not so influential. 
Importance of the mass spectrometric resolution
The mass resolution parameter is important because it does not only change the width of the MS-peaks but also and -in our case more important -the sensitivity of the system. Due to the multiple charge states of numerous different species the signal is distributed over a large number of peaks. To achieve good signal to noise ratio and reliable peak heights a good sensitivity is crucial. The best compromise is unit resolution. Lower resolutions give superior intensities but the spectra are not as well simulated because of their broad peak shapes. Higher resolutions give lower intensities and suppression of high mass ions. If the determination of EG and M is crucial then the latter setup gives slightly better results.
Dependence of the optimization result on the start parameters
For the determination of the monomer mass M by the autocorrelation procedure it is natural, that the error has additional local minima for n*M and M/ n (Fig. 5) . Regularly the correct value turns out as the overall minimum. The end group determination is crucially dependent on a correct M and is by far not as precise. This is because EG is represented only once in an oligomer, while there are many monomer units thus improving the reliability. The simulation of the polymer distribution converges at the same values independent of the starting parameters for M and Sig. The process needs less cycles if these are not too far away from the convergence values. This was tested extensively with the PMMA10000 sample.
Tab. 4.
Dependence of the EG determination on the monomer mass value M. 
Dependence of the determined parameters on the m/z range selected for calculation
As discussed before the entire polymer is (in principle) represented in all ranges of the spectrum but this has to be checked. Using a broad range of m/z from 1300-2100 containing all peaks with reasonable intensity the optimum Mn was found at 9536 Da. Then the calculation was carried out from four sub ranges. Optimization of molecular weight from these sub ranges gives different molecular weight results (Tab. 5). The optimum M n increases with the m/z of the chosen range. Please note, that the error value is much higher at high m/z ranges because of the lower signal intensities in this region. Obviously there is a tendency that the higher part of the polymer distribution produces more ions in the higher m/z range and vice versa which means that the charge multiplicity is not exactly proportional to the molecular weight. The best approach is either to take the whole range or concentrate on the centre of the spectrum.
Influence of mass spectrometers types
The mean molecular weight of PMMA10000 is determined on several types of spectrometers. This was done with different inlet-and ionization modes as well as different mass analyzers. The results are relatively homogenous for the mass spectrometric methods but compared to molecular weights given by the supplier the found by spectrometry are slightly lower and the distribution is narrower. This is an often observed phenomenon.
Application on other polymer classes
The described method was successfully tested with polyethers, polyesters, acrylates and poly (N-isopropylacrylamides, poly (NiPAM). The latter example is especially interesting, because this polymer type causes problems with size exclusion chromatography. Under MALDI conditions extensive fragmentation occurs for these polymers with mean molecular weights beyond 5000 Da [23] . An example for poly (NiPAM) with N-oxide and styrene end groups which cannot be measured by MALDI without extensive fragmentation is shown (Fig. 11 ). With our approach it was possible to determine the reduced end group mass EG = 104.5 Da (expected 104.9 Da), the monomer mass M = 113.1500 Da (expected 113.1599 Da) as well as the mean molecular weights M n = 8600 Da, Mw = 10368 Da (M w /M n = PDI = 1.21) (Fig. 12) . The found value of EG is a proof that this compound is a still a living polymer with intact nitroxide group. 
Simulation program
The simulation program uses the spread sheet calculation and graphical capabilities of the Excel software. Most of the procedures are programmed in VBA modules which are activated from the central program view (Fig. 13) . Spectrum import is possible through the clipboard (from MassLynx) or by ascii-formatted file (from Data Analysis). Results appear on diagrams on screen and can also be printed in the simulation report [21] . 
Restrictions
The procedure will not work if the polymer distribution is very broad or the molecular weight is so high that the resulting m/z pattern is an unstructured heap. The backbone of the molecule must be able to complex cations to provide the necessary multicharging. This is the case when functional groups like ester, amide, ether, etc. are present.
Experimental part
Materials
All solvents and reagents were analytic grade (Acros), NaBF 4 (Fluka), Poly (methyl methacrylate) (PMMA). Polymer standards were purchased from Merck, Darmstadt, Germany. PMMA4000 (M n 3960, M w 4200, PDI 1.06), PMMA10000 (M n 10400, M w 10900, PDI 1.05), poly (N-isopropylacrylamide) (poly (NiPAM)) sample was supplied by Kai Siegenthaler (Studer group, Organisch-Chemisches Institut Münster).
Instrumentation
Electrospray mass spectra was measured on a Quattro-LCZ (Waters-Micromass, Manchester, UK) with nanospray inlet [20] , nanospray capillaries are drawn from borosilicate glass (1 mm OD, 0.6 mm ID) with internal filament (Hilgenberg GmbH, Malsfeld, Germany). The electrical contact was established by an internal stainless steel wire. Alternatively an ES-MS MicroTof (Bruker Daltonik, Bremen, Germany) with loop injection was used. The mass scale was fine-tuned by recalibration on sodium formiate peaks. The reference was introduced 0.5 min before the sample emerged. MALDI spectra are produced with a Reflex IV (Bruker, Daltonik, Bremen, Germany). Spectral Data are converted to ASCII format prior to computer analysis by the appropriate export filters included in MassLynx (Waters-Micromass) or DataAnalysis (Bruker Daltonik). Isotope patterns were calculated with Masslynx 4.0 (WatersMicromass, Manchester, UK). Own computer programs were written in Excel2003-VBA (Microsoft). The main program is named PolyCalc [21] .
Sample preparation
The polymer samples were dissolved in methanol or in a mixture of methanol/chloroform 1/1. The concentration was provided at the individual experiments. To this 10 μl of a saturated methanolic NaBF 4 solution was added.
Acquisition conditions
For the nanospray inlet Quattro LCZ measurements approximately 20 spectra were registered with 300 Da*s -1 and added. The sample rate was 16 points/Da. The mass resolution was set slightly better than unity (low mass/high mass parameter: 13/13). The resulting spectra were smoothed with 1 Da peak width, baseline subtracted and exported to the simulation program PolyCalc. For the loop injection MicroTof measurements the spectra were added over the entire elution period of the sample (approx 20 s). The methanol flow was set to 60 μl/min. The mean mass resolution was 10000FWHM. The resulting spectrum was smoothed with 0.3 Da, baseline subtracted and the data exported as an ASCII list. MALDI spectra taken on the Reflex IV are smoothed with 1 Da and baseline subtracted.
